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Abstract

We investigated how the equine fetus prepares its pre-immune humoral repertoire for an imminent
exposure to pathogens in the neonatal period, particularly how the primary hematopoietic organs
are equipped to support B cell hematopoiesis and immunoglobulin (1g) diversity. We
demonstrated that the liver and the bone marrow at approximately 100 days of gestation (DG) are
active sites of hematopoiesis based on the expression of signature mMRNA (c-KIT, CD34, IL7R,
CXCL12, IRF8, PU.1, PAX5, NOTCH1, GATAL, CEBPA) and protein markers (CD34, CD19,
IgM, CD3, CD4, CD5, CD8, CD11b, CD172A) of hematopoietic development and leukocyte
differentiation molecules, respectively. To verify Ig diversity achieved during the production of B
cells, V(D)J segments were sequenced in primary lymphoid organs of the equine fetus and adult
horse, revealing that similar heavy chain VDJ segments and CDR3 lengths were most frequently
used independent of life stage. In contrast, different lambda light chain segments were
predominant in equine fetal compared to adult stage and, surprisingly, the fetus had less restricted
use of variable gene segments to construct the lambda chain. Fetal Igs also contained elements of
sequence diversity, albeit to a smaller degree than that of the adult horse. Our data suggest that the
B cells produced in the liver and bone marrow of the equine fetus generate a wide repertoire of
pre-immune Igs for protection, and the more diverse use of different lambda variable gene
segments in fetal life may provide the neonate an opportunity to respond to a wider range of
antigens at birth.
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Introduction

Understanding the development of the immune system is critical for the development of
successful vaccines against infectious agents that continue to cause significant disease in
neonates and in the young. The purpose of our study was to learn how the liver and bone
marrow of the equine fetus were equipped to support B cell hematopoiesis and
immunoglobulin (Ig) diversity of the pre-immune repertoire. During fetal life, the liver is
one primary hematopoietic organ and supports expansion of B cells until the bone marrow
takes over this roll (Butler et al. 2011; Timens and Kamps 1997; Yokota et al. 2006). The
horse is an ideal model to study the development of the humoral response during gestation,
as the epitheliochorial placentation of the horse does not allow transfer of maternal
immunoglobulins (Igs) to the fetus, eliminating this confounding element (Perryman et al.
1980).

B lymphopoiesis can be readily detected at the molecular level in the equine fetus around 90
to 120 days of gestation but perhaps even earlier in the yolk sac of the embryo (Tallmadge et
al. 2009; Tallmadge et al. 2013; Tallmadge et al. 2014). Endogenous antibodies are first
detected midway (around 180 days) through gestation and, when challenged in utero, the
equine fetus generates an antigen-specific IgM and 1gG antibody response by at least 200
days of gestation (DG) (Martin and Larson 1973; Morgan et al. 1975). Relatively little is
known, however, about the generation of the immunoglobulin repertoire in the equine fetus,
particularly with relevance to preparedness for fighting pathogens.

Critical to B lymphopoiesis is the generation of a functional Ig molecule, which requires
somatic recombination of the V(D)J loci for both the heavy and light chain genes. The pre-
immune Ig receptor repertoire develops in the absence of exogenous antigens in the primary
lymphoid tissues, and diversity is generated primarily by combinatorial and junctional
diversities. Combinatorial diversity is produced by combining different heavy chain and
light chain gene segments. The number of gene segment used to construct Ig molecules
varies by species: for example, the mouse has more than 90 functional IGHV segments
while the chicken has only one (Das et al. 2008); the horse uses 14 IGHV, 40 IGHD, and 8
IGHJ functional segments to construct the heavy chain (Sun et al. 2010). Light chains are
constructed using either the lambda or kappa loci. The horse has 27 IGLV, 7 IGLJ, and 7
IGLC potentially functional genes for the lambda light chain; and 19 IGKV, 4 IGKJ, and 1
IGKC for the kappa light chain (Sun et al. 2010). The Ig segments have been divided into
subgroups, and each subgroup is composed of gene segments sharing >75% nucleotide
identity (Sun et al. 2010). For the heavy chain, the 14 IGHV genes are grouped into 7
subgroups; the 40 IGHD genes into 28 subgroups; and the 8 IGHJ genes into 2 subgroups.
The 27 IGLV genes were grouped into 11 subgroups. Recently, we proposed a change in
nomenclature for the heavy chain Ig genes in accordance with the International
ImMunoGeneTics information system based on these subgroups, and “VH5” was renamed
“IGHV2S3”, indicating gene 3 of subgroup 2 (Tallmadge et al. 2013). Unlike the heavy
chain nomenclature, the subgroup number is not followed by an “S” but a “-”, and the gene
number based on chromosomal location from 3’ to 5’ in the locus (as annotated by Sun et al.
2010). Accordingly, “VA5” was renamed IGLV4-66, indicating subgroup 4 and the 66t
IGLV gene from the 3’ end of the locus (Tallmadge et al. 2014). IGLJ genes names do not
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include a subgroup designation, and are named based on chromosomal location from 5’ to 3’
in the locus (Lefranc 2001).

The horse, sheep, cow, and chicken utilize the lambda light chain in more than 90% of
circulating g molecules, in contrast to mice and rabbits with a predominance of the kappa
chain, and humans and pigs with comparable use of lambda and kappa chains (Butler et al.
2006; Ford et al. 1994; Hood et al. 1967; Kelus and Weiss 1977). In some species, including
humans (Zemlin et al. 2001), mice (Yancopoulos et al. 1984), pigs (Butler et al. 2000), cattle
(Koti et al. 2010), sheep (Gontier et al. 2005), and zebrafish (Jiang et al. 2011),
combinatorial diversity differs during phases of development, and certain Ig segments are
preferentially utilized in fetal or adult life.

Junctional diversity is created by the deletion and addition of base pairs at the junctions of
the 1g gene segments during recombination events. Addition of base pairs is created by the
enzyme terminal deoxynucleotidyl transferase (TdT) that adds non-template nucleotides, or
N-nucleotides, to the regions flanking 1g gene segments (Desiderio et al. 1984).
Palindromic, or P-nucleotides, are template dependent dinucleotide additions palindromic to
the flanking joining ends (Feeney 1990). Species with limited combinatorial diversity
including swine (Butler et al. 2006; Butler et al. 2011), sheep (Reynaud et al. 1995), cattle
(Kaushik et al. 2009; Koti et al. 2010; Saini and Kaushik 2002; Verma and Aitken 2012)
depend more on junctional diversity and post-recombination processes such as somatic
hypermutation. Chickens utilize somatic gene conversion (Reynaud et al. 1989), while
rabbits use both somatic hypermutation and gene conversion to diversify their Ig repertoires
(Becker and Knight 1990; Pinheiro et al. 2011).

The structure of the antibody molecule includes four framework sequences separated by
three complimentary determining regions (CDRs). The CDRs are the sequences that come in
contact with antigen, and are the most diverse regions of the Ig molecule. CDR3 contains the
greatest degree of sequence variability and spans the junction of the IGHV, IGHD, and

IGHJ gene segments in the heavy chain, and IGLV and IGLJ gene segments in the light
chain. Diversity of the CDRS3 region is influenced by both combinatorial and junctional
diversity. CDR3 length differs in fetal compared to adult life in certain species including
humans (Zemlin et al. 2001), mice (Bangs et al. 1991), and sheep (Gontier et al. 2005).

Our previous studies have described the generation of B cells and production of the Ig
repertoire in the lymphoid tissues of the horse during phases of development (Tallmadge et
al. 2009; Tallmadge et al. 2013; Tallmadge et al. 2014). We found that some aspects of Ig
diversity were already established early in development while others appeared to be
developmentally programed. For example, bias in IGHV segments present in the equine
adult repertoire were also present in the fetal spleen (Tallmadge et al. 2013), while IGLV
segment utilization was less restricted in the fetal compared to adult Ig repertoire
(Tallmadge et al. 2014). However, it was unknown the degree of Ig diversity originated in
the primary (liver and bone marrow) lymphoid tissues of the fetus, and further
diversification in secondary lymphoid tissues (e.g. spleen). In this study, we tested how
primary lymphoid tissues of the equine fetus were equipped to support B cell hematopoiesis
and Ig diversity of the pre-immune repertoire during gestation. Our original hypothesis was
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that B cell hematopoiesis in the equine fetus occurs in the liver and bone marrow with
limited Ig diversity. Herein we show, for the first time, active B cell hematopoiesis in the
equine fetal liver and bone marrow around 100DG, with a surprising generation of a
somewhat diverse pre-immune Ig repertoire that sets up humoral protection after birth.

Materials and methods

2.1 Equine tissue samples

These experiments were approved by the Cornell University Center for Animal Resources
and Education and Institutional Animal Care and Use Committee for the use of vertebrates
in research. Three mares (2 Thoroughbreds, 1 Warmblood) at the Cornell Equine Park were
bred and abortions were chemically induced with prostaglandin injections (2.5mg
intramuscularly every 12 hours until abortion, Lutalyse, Pfizer, New York, NY) at
approximately 100DG (101-105DG) (Douglas and Ginther 1976). The fetal livers (n=3)
were dissected out within an hour of abortion using sterile technique. Part of the tissues were
snap frozen in liquid nitrogen for RNA isolation, or preserved in Tissue-Tek O.C.T.
Compound (optimal tissue culture medium, SakurFineteck U.S.A., Inc., Torrance, CA) for
immunohistochemistry; these tissues were stored at —80° until analysis. Single cell
suspension was made from the remaining fetal liver by pressing the tissue through first a
metal mesh (size 80 mesh, Sigma-Aldrich, St. Louis, MO) and then a nylon mesh (70um,
BD Falcon, Franklin Lakes, NJ). Mononuclear leukocytes were isolated by Ficoll gradient
centrifugation (density 1.077, GE Healthcare, Piscataway, NJ) as previously described
(Flaminio et al. 2000). Cells were immediately used for flow cytometric analysis or frozen
in media containing dimethyl sulfoxide and stored in liquid nitrogen until additional flow
cytometric analysis (CD5, CD34) or RNA isolation. Upon thawing for flow cytometric
analysis, the cells were again subjected to Ficoll gradient centrifugation to enrich for viable
cells. Fetal bone marrow was harvested from the same fetuses and snap frozen in liquid
nitrogen for RNA isolation, and stored at —80°C until use. The adult horse bone marrow
samples were collected immediately post-mortem from three healthy research adult horses
(1 Thoroughbred, 2 breed unknown) belonging to another investigation at Cornell
University College of Veterinary Medicine. The tissue was harvested within 1 hour of
euthanasia, snap frozen in liquid nitrogen for RNA isolation, and stored at —80°C until use.

2.2 RT-PCR to detect expression of genes associated with hematopoiesis

Snap frozen equine fetal whole liver, fetal whole bone marrow, adult whole bone marrow
tissue, and frozen fetal liver isolated leukocytes were homogenized with the QlAshredder
columns (Qiagen, Valencia, CA). Total RNA was isolated with the RNeasy® Kit (Qiagen)
and genomic DNA was degraded with the RNase-Free DNase Set® (Qiagen) or DNAse |
(Life Technologies, Grand Island, NY) following the manufacturer’s instructions. cDNA
was made from 1pg RNA with the RevertAID™ first strand cDNA synthesis kit using
Oligo(dT)1g (Thermo Fisher Scientific Inc., Waltham, MA) according to manufacturer’s
instructions. PCR reactions were performed by adding 50ng cDNA template to 0.2mM
dNTP, 0.6uM each forward and reverse primers (Supplemental Table 1), and 1.25u
DreamTaq™ DNA polymerase (Thermo Fisher Scientific Inc.) in 1x DreamTaq™ buffer.
Thermal cycling conditions were as follows: initial denaturation 95°C x 1min, [denaturation
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95°C x 30s, annealing 58°C x 30s, extension 72°C x 1min] repeated 40 times, and final
extension 72°C x 5min. Amplicons were visualized using electrophoresis on a 1% agarose
gel stained with GelGreen nucleic acid stain (Phenix Research Products, Candler, NC) and
the Gel Doc™ EZ Imager (Bio-Rad Laboratories Inc., Hercules, CA).

A panel of 12 genes known to participate in hematopoiesis were tested, including
transcription factors essential for commitment and differentiation of the hematopoietic
lineages: (1) GATAL for erythropoiesis (Tsiftsoglou et al. 2009); (2) CEBPA for
myelopoiesis (Koschmieder et al. 2009); (3) PAX5 for B cell lymphopoiesis (Cobaleda et al.
2007; Pridans et al. 2008); (4) IFR8 and (5) PU.1 for both myelopoiesis and B
lymphopoiesis, with PU.1 having additional functions in erythropoiesis (Kastner and Chan
2008; Wang and Morse 2009); (6) NOTCH.1 receptor essential for T cell commitment
(Rothenberg 2011); HSC markers (7) CD34, a sialomucin important in HSC migration and
homing (Nielsen and McNagny 2009), and (8) KIT, a transmembrane receptor essential for
HSC signaling (Kent et al. 2008), also expressed during B cell ontogeny from the lymphoid-
primed multipotent progenitor through common lymphoid progenitor (CLP) and pro-B cell
stages, and acts synergistically with IL-7 to promote proliferation and differentiation of pro-
B cells (McNiece et al. 1991); (9) IL7R expressed by the CLP through the early pre-B cell
stage and signaling promotes survival, proliferation, and differentiation (Fry and Mackall
2002); (10) IgM expressed only by immature and mature B cells; the chemokine receptor
(11) CXCL12 and (12) IL-7 expressed by microenvironment stromal cells to support
hematopoiesis (Nagasawa 2006), for the homing of HSCs to the fetal liver and bone
marrow, and the generation of pre-pro and pro-B cells (Nagasawa et al. 1996). The house-
keeping gene B-ACTIN was used as a positive control. Primers (Supplemental Table 1) were
designed using the Primer3 program accessible at http://frodo.wi.mit.edu/ (Rozen and
Skaletsky 2000). To prevent amplification of genomic DNA, the primers spanned introns
when possible. Destruction of genomic DNA from RNA samples was confirmed by
performing the cDNA synthesis reaction without the addition of the RevertAID™ Reverse
Transcriptase (Thermo Fisher Scientific Inc.) followed by the PCR reaction with the 3-
ACTIN primers to show no genomic DNA product was amplified. The amplicons were
confirmed by sequencing.

2.3 Immunohistochemistry of leukocytes in the equine fetal liver

Whole fetal liver harvested from two different fetuses and frozen in Tissue-Tek O.C.T. were
cut into 7um thick sections on a microtome and fixed with acetone for 10 minutes. The
sections were stained as previously reported (Tallmadge et al. 2009) using the following
primary antibodies (Kydd et al. 1994; Lunn et al. 1998; Parrish et al. 1982): CD2 (clone
HB88A, VMRD, Pullman, WA), CD3 (F6G.3(G12), J. Stott, University of California,
Davis, CA), CD4 (HB61A, VMRD), CD5 (HT23A, VMRD), CD8 (HT14A, VMRD),
CD19-like (cz2.1, D.F. Antczak, Cornell University, Ithaca, NY), IgM (CM7, AbDSerotec,
Raleigh, NC), CD172A (IGHD59B, VMRD), major histocompatibility complex (MHC)
class I (cz3, D.F. Antczak), MHC class Il (cz11, D.F. Antczak), anti-canine parvovirus
(negative control, CPV12, C. Parrish, Ithaca, NY). Images of the slides were taken with an
Olympus BX-50 microscope, visualized with Metamorph software (Molecular Devices,
Sunnyvale, California), and representative images were selected from both fetuses.
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2.4 Flow cytometric immunophenotyping of the equine fetal liver isolated leukocytes

One million cells per sample were blocked with 10% normal goat serum and washed with
PBS, then labeled with the same antibodies as above for the immunohistochemistry
including CD2, CD3, CD4, CD5, CD8, CD19-like, IgM, CD172A, MHC class I, MHC class
I, in addition to CD11b-FITC (M1/70.15.11.5, Miltenyi Biotec, Auburn, CA) and CD34
(1H6, R&D Systems, Minneapolis, MN). Cells stained with unconjugated primary
antibodies were stained with goat anti-mouse IgG(H+L)-FITC (Jackson ImmunoResearch
Laboratories, West Grove, PA). Finally the cells were fixed with 2% paraformaldehyde in
phosphate buffered solution, and fluorescence was measured with the BD FACScalibur flow
cytometer using an argon laser (Bio-Rad Laboratories Inc.). The negative control were cells
stained only with the goat anti-mouse IgG(H+L)-FITC secondary antibody. One hundred
thousand ungated events were collected in all but one case (CD5 staining of fetal liver #1,
68,000 events counted).

2.5 Cytology of the equine fetal liver isolated leukocytes

Cytospins of approximately 5x10% isolated cells per slide were made using centrifugation at
500xg for 3 minutes, and stained with Wright’s stain in an automated stainer (Modified
Wright’s stain, Hema-tek 1000, Siemens Healthcare Diagnostics Inc., Tarrytown, NJ) at the
Clinical Pathology Laboratory, Cornell University College of Veterinary Medicine. A 200
cell differential count was performed by a single blinded observer (TS).

2.6 Immunoglobulin heavy and light chain V(D)J sequencing

RNA was isolated from whole tissues and genomic DNA destroyed as described above. 5'-
rapid amplification of cDNA ends (RACE) library was constructed with the SMARTer™
RACE cDNA Amplification Kit (Clontech, Mountain View, CA) following manufacturer’s
instructions. The 5’-RACE PCR was performed with 5 RACE primers for the heavy chain
VDJ sequence that spans the last 24 nucleotides conserved among IGHJ segments, and 5/
RACE primers lambda light chain sequence that spans a conserved sequence in the lambda
constant segments, as previously described (Tallmadge et al. 2013; Tallmadge et al. 2014).
The lambda chain was chosen as the horse uses primarily this light chain in circulating
antibodies (Ford et al. 1994). The PCR products were purified, ligated into the pJET1.2
vector (CloneJET™ PCR Cloning Kit, Thermo Fisher Scientific Inc.), transformed into
either IM107 (TransformAID™ Bacterial Transformation Kit, Thermo Fisher Scientific
Inc.) or NEB-5 alpha (New England BioLabs, Ipswich, MA) competent E.coli, expanded,
and sequenced at the Cornell University Institute of Biotechnology (Ithaca, NY), as
previously described (Tallmadge et al. 2013; Tallmadge et al. 2014). Heavy and lambda
light chain 1g sequences were obtained from fetal liver, fetal bone marrow, and adult bone
marrow (n = 3). To recover a minimum of 30 unique and productive Ig sequences per tissue
(10 per individual), 31 fetal liver, 49 fetal bone marrow, 32 adult horse bone marrow heavy
chain clones and 33 fetal liver, 49 fetal bone marrow, and 33 adult horse bone marrow
lambda light chain clones were sequenced. Minimal lambda light chain sequence diversity
was obtained from donor fetal liver #2, despite sequencing 11 clones, resulting in only 2
unique clones from this donor.
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2.7 Immunoglobulin heavy and lambda light chain sequence analysis

Ig sequences determined in this study are available through GenBank with accession
numbers KF748612 - KF748792. Ig sequences were analyzed and nucleotide identity plots
generated using Geneious Pro R6-1 (Drummond et al. 2011), (Biomatters Ltd, Auckland,
New Zealand). g gene segments were identified by comparing the cloned sequences against
the EquCab2.0 equine reference genome annotated by Sun et al. (2010) using the NCBI
Equus caballus BLAST tools as previously described (Tallmadge et al. 2013; Tallmadge et
al. 2014). All BLAST hits were evaluated for identity, alignment length, and orientation.
With one exception (IGVVDJ66), all annotated IGHD segments were at least 7bp long and
shared greater than 65% nucleotide identity with the genomic sequence. In total, IGHD
segments could be annotated in 86% of sequences. For the remainder of sequences with
IGHD segments of insufficient length or nucleotide identity, IGHD segments were
designated as “not determined”.

Ig gene sequence identities between expressed sequences and the genome reference
sequences were calculated with the Geneious Pro R6-1 software. The length of the heavy
chain (CDR3H) and lambda light chain (CDR3L) were determined as previously described
(Ford et al. 1994; Sun et al. 2010). Variability plots were made as described by Wu and
Kabat (1970) with the variability index calculated as the number of different amino acids at
a given position divided by the frequency of the most common amino acid at that position.

2.8 Statistical analysis

Results

The Shapiro-Wilk normality test performed with Graphpad Prism version 6.0c (GraphPad
Software, San Diego, California) revealed that most of the data was not normally
distributed, and the appropriate non-parametric test was performed. Pairwise nucleotide
identity, nucleotide identity to genome, number of N-nucleotide additions, nucleotide
deletions at segment junctions, IGHD segment length, and CDR3 lengths were evaluated
with the Kruskal-Wallis Rank Sum test for three way comparisons between fetal liver, fetal
bone marrow, and adult horse bone marrow, and the Wilcoxon-Mann-Whitney Rank Sum
test for two-way comparisons between the different life stages or tissue with KaleidaGraph
(Synergy Software, Reading, PA). IGHV, IGHD, and IGHJ segment usage was assessed by
Chi? analysis (Graphpad Prism version 6.0c). The Chi? test was not valid for pairwise
comparisons between tissues for IGLV segment use due to the use of many different gene
segments resulting in a small frequency for any individual gene; therefore, the Fisher exact
test was performed using Graphpad Prism for IGL segment usage. All data was treated as
unpaired. A p-value < 0.05 was considered significant.

3.1 Molecular evidence of hematopoiesis

In order to characterize the fetal liver and bone marrow as active hematopoietic sites early in
gestation, we confirmed the expression of relevant hematopoietic developmental genes.
Twelve selected genes important in hematopoiesis KIT, CD34, IL7R, IGHM, CXCL12, IL7,
PU.1, IRF8, PAX5, NOTCH1, CEPBA, and GATAL were detected at the mRNA level in
the adult horse bone marrow, and 100-day equine fetal liver and bone marrow whole tissues
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(Fig. 1). The same hematopoiesis-related genes were expressed in the isolated mononuclear
cells from these tissues. The fetal bone marrow PCR products consistently ran slower than
those from the other tissues, and direct sequencing of a subset of PCR reactions confirmed
the bands were the amplicons of interest.

3.2. Distribution of leukocytes in the fetal liver

We next investigated how leukocytes were organized in the fetal liver, and in what
proportion they were present in order to understand the relative extent of B cell
hematopoiesis. Immunohistochemistry staining was used for qualitative analysis and showed
the presence of leukocytes in the equine fetal liver at 100DG (Fig. 2). T cell (CD3+, CD4+,
CD8+) and B cell (CD19+ or IgM+) markers stained cells with large nuclear to cytoplasmic
ratios, consistent with the morphology of lymphocytes. These cells were randomly
distributed throughout the tissue sections as isolated cells or in small clusters. CD2 and
CD5, which are expressed by subsets of both T and B cell lymphocytes, stained cells in a
similar distribution. The T cell marker CD8 stained a greater number of cells compared to
the other T cell markers, and positive cells resembled lymphocytes and cells characteristic of
the myeloid lineage, with small nuclear to cytoplasmic ratios. The CD172A marker,
expressed by monocytes, macrophages and neutrophils, stained large and small cells with
small nuclear to cytoplasmic ratios, and were distributed in small clusters. Cells staining
positive for MHC class | and MHC class Il were randomly distributed throughout the tissue.
MHC class | positive cells were most often found in large groups (>10 cells), while MHC
class Il positive cells were identified generally in small groups or isolated. Similar to CD8,
MHC class | and MHC class Il positive cells resembled both the lymphocyte and myeloid
lineages.

Isolated leukocytes from fetal liver were quantitated with flow cytometric analysis (Table 1).
Approximately 2% of the total mononuclear cells isolated from the fetal liver expressed the
HSC marker CD34, between 0.4-4.1% T or B cell markers, and 11-15% expressed the
CD172A myeloid marker. The technique applied for leukocyte isolation (Ficoll gradient
centrifugation) favors mononuclear cell enrichment, but not purification from neutrophils. In
contrast, only 3% of cells stained positive with CD11b, which is expressed in monocytes,
neutrophils, and B1 cells (Montecino-Rodriguez and Dorshkind 2006). Consistent with the
immunohistochemistry staining, 24-30% cells expressed MHC class I, and 13-24% cells
expressed MHC class 11, the latter was similar to the percentage of B cells and monocytes
together. Since only 12-19% of the cells isolated from the fetal liver could be accounted for
as lymphoid or myeloid using the antibodies available for the horse, which do not include an
erythrocyte lineage marker, we also classified the cells based on morphology using cytospin
preparations. The differential cell count (Fig. 3) showed that the majority of cells (80-86%)
were of the erythroid lineage, followed by cells with morphologic features of small
lymphocytes (8-9%), monocytes (4-7%), and neutrophils (1-5%). The predominance of
erythroid cells is consistent with the fetal liver’s function at this phase of life.

3.3 Sequence diversity in the pre-immune immunoglobulin repertoire

Previous studies showed that a small degree of sequence diversity was present in Ig derived
from equine fetal spleen (Tallmadge et al. 2013; Tallmadge et al. 2014). In this part of our
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experiments, we asked if sequence diversity originated already in the primary lymphoid
tissues of the fetus, and how that compared to the sequence diversity observed in the
primary lymphoid tissue of the adult horse. Heavy and lambda light chain sequence
variation was determined for equine fetal liver, fetal bone marrow, and adult horse bone
marrow. The median percent nucleotide identity of heavy chain VDJ segments was
compared between all tissues. Significant differences (p-values < 0.0001) were found
between the fetal and adult horse tissues (Supplemental Fig. 1). In contrast to the heavy
chain, the lambda light chain VVJ segments had similar pairwise nucleotide identities between
fetal and adult horse tissues (p-values > 0.16) (Supplemental Fig. 1).

In the fetal tissues, these nucleotide differences were predominately in the CDR3H region
(Supplemental Fig. 2), largely reflecting the use of different IGHD segments resulting in the
greatest variability of amino acid identity in the positions spanning the CDR3H (Fig. 4). In
the adult horse, the mutations and amino acid variability were concentrated in the CDR3H
but also CDR2H, and to a lesser degree, CDR1H region (Supplemental Fig. 2 and Fig. 4).
The amino acid differences in the lambda fetal sequences were more evenly distributed
throughout the variable region with a smaller degree of clustering around the CDRs (Fig. 4
and Supplemental Fig. 3) than the fetal heavy chain sequences. In the adult horse bone
marrow, however, the highest degree of amino acid variability was concentrated in the
CDRs (Fig. 4).

Fetal heavy chain sequences also had a higher median percentage (> 98%) of identical
nucleotides with the reference genome sequence than sequences from horse bone marrow
(89.4% for IGHV, 88.7% for IGHD, and 89.8% for IGHJ), and these germline identity
values were significantly different (p-values < 0.03); germline identity values did not differ
(p-values > 0.4) between fetal liver and fetal bone marrow (Supplemental Table 2). Similar
to the heavy chain, lambda chain segments sequenced from equine fetal tissues (>97.3%)
had higher median nucleotide identity to the reference genome sequences than the adult
horse (88.1 % for IGLV, 91.7% for IGLJ), and these medians were significantly different (p-
values <0.0001); germline identity values did not differ (p-values >0.4) between fetal liver
and fetal bone marrow (Supplemental Table 3). Consistent with somatic hypermutation,
adult horse sequences had higher mutation rates at adenosine nucleotides, and greater
percentage of transition mutations for IGHV2S3 (35% in fetal verses 47% in adult horse),
and IGLV8-128, IGLV8-24, IGLV8-12 (40% in fetal verses 45% in adult horse) (Di Noia
and Neuberger 2007; Tonegawa 1983).

3.4 Combinatorial diversity in the pre-immune repertoire

The next question related to the extent of combinatorial diversity generated in the primary
lymphoid tissues, and how it compared to secondary lymphoid tissues of the equine fetus or
the adult. The Ig repertoire of the equine fetal liver and bone marrow showed similarities to
that of the adult horse bone marrow, particularly in regards to combinatorial diversity of the
heavy chain. IGHV2S2, IGHV2S3, and IGHV2S4 were observed in all tissues tested, all of
which belong to IGHV Subgroup 2 as indicated by “2S” in the segment names, meaning that
these IGHV germline genes share at least 75% identity at the nucleotide level to each other
(Supplemental Fig. 4a; Sun et al. 2010; Tallmadge et al. 2013). Additionally IGHV
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segments from subgroups 1 and 4 were identified in the fetal bone marrow. IGHJ1S2,
IGHJ1S3, and IGHJ1S5 were observed at all life stages with IGHJ1S4, IGHJ1S6, and
IGHJ1S7 found in the fetal and adult horse bone marrow (Supplemental Fig. 4b). Twenty-
three of the forty IGHD genes were annotated including 10 different IGHD segments in the
fetal liver, 12 in the fetal bone marrow, and 15 in the adult horse bone marrow
(Supplemental Fig. 4c). IGHD17S1 and IGHD17S2 share identical coding sequences and
could not be distinguished from each other. There was one potential IGHD-IGHD
rearrangement observed in IGVDJ75 in which there was a second IGHD segment that
aligned between the first IGHD and IGHJ with junctional diversity on both the 5" and 3’
junctions. However, only short 8-9 nucleotide sequences of both IGHD segments could be
aligned and, therefore, the second shorter IGHD segment could not be confidently
annotated. IGHV2S3 IGHJ1S5, IGHD18S1 were the most frequently utilized gene
segments in fetal and adult horse tissues as previously reported (Sun et al. 2010; Tallmadge
et al. 2013). When the composition of the most commonly used VDJ segments were
compared, there was no statistically significant difference (p-value > 0.1) in usage of IGHV
and IGHD segments between fetal liver and fetal bone marrow or between fetal and adult
horse sequences; the difference in IGHJ utilization was significant only between fetal bone
marrow and adult horse bone marrow but not between fetal bone marrow and fetal liver or
any other comparison between fetal and adult horse sequences, making the biologic
importance of this finding likely unimportant.

Sixteen different IGLV segments were observed (Fig. 5a) belonging to 4 different subgroups
(Supplemental Table 3). Segments belonging to subgroups IGLV?2 and IGLV4 were only
isolated from fetal tissues, while those in IGLV6 and IGLV8 were found in all tissues.
Subgroup IGLV?2 consists of only one gene segment (IGLV2-41), while subgroups IGLV4,
IGLV®, and IGLV8 have multiple gene segments (Sun et al. 2010). The four IGLJ gene
segments identified were observed in all tissues tested (Fig. 5b). Fetus #2 had limited
diversity with only two unique Ig lambda sequences collected, despite sequencing 11 clones.
To make sure that the 5" RACE library for this tissue was not biased, a second library was
constructed, the lambda 5’/RACE PCR repeated, and the resulting amplicons directly
sequenced. The sequencing trace obtained was consistent with the clones already in hand so
additional sequences were not pursued. IGLV4-66 and IGLJ5 were the most common
segments used in fetal tissues, while IGLV8-128 and IGLJ7 were more frequently found in
the adult horse bone marrow; this bias in IGLV and IGLJ segment use between fetal and
adult horse sequences was statistically significant (p-values < 0.0001 IGLV and <£0.01
IGLJ, respectively) (Fig. 5).

A range of 14-28 unique heavy and lambda light chain Ig gene combinations were observed
in fetal and adult horse tissues (Supplemental Fig. 5). The most frequently used heavy chain
and light chain segments were not necessarily the most frequent combinations; for example,
the most frequently used IGH segments were IGHV2S3 IGHJ1S5, IGHD18S1 but the most
frequent combination in the fetal bone marrow was IGHV2S3-IGHD22S1-IGHJ1S5
(Supplemental Table 2). Similarly the most frequently observed IGL segments were
IGLV4-66 and IGLJ5 in the fetus while the most frequent combination was IGLV4-66 -
IGLJ1 in the fetal liver (Supplemental Table 3). Altogether, these data indicate that there is
bias in variable region segment use in the lambda light chain but not the heavy chain for
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both life stages as previously reported in secondary lymphoid tissue (Tallmadge et al 2013;
Tallmadge et al. 2014), and suggests that the heavy and lambda light chain rearrangements
are regulated differently in primary fetal lymphoid tissue.

3.5 Junctional diversity in the pre-immune immunoglobulin repertoire

The 100DG equine fetus also had evidence of junctional diversity in the Ig heavy chain
sequences, created by the deletion and addition of nucleotides at the V(D)J gene segment
junctions. Non-template (N) nucleotides were present in fetal heavy chain sequences with
medians of 7 (liver, range 0-35) and 5 (bone marrow, range 0-17) nucleotides at the IGHV-
IGHD junction, and 0 nucleotides (liver range 0-9, bone marrow range 0-14) at the IGHD-
IGHJ junction, similarly to secondary lymphoid tissue at this stage of development
(Tallmadge et al. 2013). A significantly (p-values < 0.03) greater number of N-nucleotides
were observed in adult horse heavy chain sequences with a median of 13 nucleotides (range
0-33) at the IGHV-IGHD, and 6 (range 0-50) at the IGHD-IGHJ junction when compared to
both fetal liver and fetal bone marrow. There was no significantly statistical difference (p-
values >0.4) in the number of N-nucleotides in the fetal liver compared to fetal bone marrow
at any junction. A significantly (p-value <0.0001) greater number of N-nucleotides were
also observed at the lambda chain IGLV-IGLJ junction in the adult horse bone marrow with
a median of 11 nucleotides (range 0-30) compared to a median of 0 N-nucleotides in fetal
tissues (liver range 0-2, bone marrow range 0-4), when the expressed sequences were
compared to the reference genome. The junctional nucleotides contained many
homopolymers ranging from dimers to hexamers, and trended towards higher guanosine
content, consistent with TdT activity.

Although there was a difference in number of N-nucleotides, the median CDR3H length,
which span the VDJ junctions was similar (p-values >0.3) in fetal (liver 15 codons, bone
marrow 16 codons) and adult horse (bone marrow 16 codons) tissues (Fig. 6a). Similar
results were found in the light chain: the median CDR3L length was 11 codons in all tissues
(p-values >0.7) (Fig. 6b). The CDR3H and CDR3L lengths determined for the equine fetal
liver and adult horse bone marrow were similar to those previously reported in the adult
horse (Almagro et al. 2006; Sun et al. 2010; Tallmadge et al. 2013; Tallmadge et al. 2014).

In order to further understand the similar CDR3 lengths despite a greater number of N-
nucleotide additions in adult horse tissues, the lengths of IGHD segments and deletions off
the 3’ end of the IGHV or IGLV and 5" end of the IGHJ or IGLJ gene segments were
examined. The median IGHD segment nucleotide lengths annotated in expressed sequences,
subjected to exonuclease activity were significantly longer (p<0.005) in fetal liver (14
nucleotides, range 9-26) and fetal bone marrow (20, range 7-33) than those in the adult horse
bone marrow (10, range 4-26). There was also significantly less (p<0.001) nucleotides
removed from the 5" end of the IGHJ gene segments of fetal sequences compared to the
adult horse bone marrow, with no difference, however in the number of nucleotides deleted
from the 3’ end of the IGHV segments (Supplemental Table 4). There were significantly less
nucleotide removed from IGLV (p < 0.0004) and IGLJ (p < 0.0007) segments in fetal IGL
sequences (Supplemental Table 4).
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Discussion

We report herein hematopoietic activity in the liver and bone marrow of the equine fetus as
early as 100DG. The mRNA expression of genes that represent hematopoiesis of lymphoid,
myeloid, and erythroid lineages (Fig. 1) was observed in whole tissues and isolated cells
from the fetal liver. Immunohistochemical (Fig. 2), flow cytometric (Table 1), and cytologic
(Fig. 3) results of fetal liver tissues or isolated cells corroborate with active hematopoiesis,
with predominant erythropoiesis. T and B cells were also observed at this developmental
stage. T cells were mostly seen as isolated or small groups of cells, suggesting that they
were likely circulating through the liver, as their primary development happens in the fetal
thymus. B cells were seen isolated but more often in small clusters, suggesting B cell
developmental niches. Although CD2 is considered typically a T cell marker, this molecule
is also expressed in B cells, and tissues from one fetus displayed CD2+ cells in small
clusters, similarly to the distribution of B cells. Sinkora et al. (1998) showed that, in the pig,
CD2 is expressed in B cells during early development, and the number of CD2+ B cell
decreases with age and exposure to microflora. It is possible that, like the pig, equine B cells
express CD2 in fetal life, and further characterization of this B cell population is being
pursued. Also similar to previous studies, a relatively large population of CD8+ cells was
detected in the fetal liver with IHC. Many of the CD8+ cells observed in this study had
morphologic characteristic of myeloid cells, which are known to express the CD8 molecule
in other species, including humans (monocytes) (Gibbings et al. 2007) and rats (monocytes
and macrophages), (Hirji et al. 1997; Lin et al. 2000) and further investigation is warranted.
The presence of CD34+ cells supports the potential for hematopoiesis, and reveals the
possibility for isolation and application of liver-derived HSC in regenerative and
developmental studies. The percentage of CD34+ HSCs was assessed on frozen stored and
thawed cells when an antibody with cross-reactivity to the equine antigen became available.
Accordingly, the percentage of HSCs in the fetal liver may actually be greater than
measured in this study if the equine HSCs are more sensitive to mortality than other
leukocytes upon freezing.

While our results support the first part of our hypothesis that hematopoiesis occurs in the
liver in early gestation with the generation of B cells, we were pleased to find that the Ig
diversity was not as limited as expected, and no differential bias in IGHV segment use or
CDR3 length between fetal and adult horse sequences were detected. Previously, we
described no differences in heavy chain variable gene segments in secondary lymphoid
tissue of the fetus and horse (Tallmadge et al. 2013). In this study, we show no differences
in the primary lymphoid tissue IGH repertoire; the preference for IGHV2S3, IGHD18S1,
and IGHJ1S5 to construct the heavy chain originates during fetal development, and is
maintained in adulthood. In contrast, in this study we observed a bias for IGLV4-66 and
IGLJ5 in fetal life but IGLV8-128 and IGLJ7 in the adult horse for the lambda light chain.
Biases in VV(D)J segment utilization are reported in fetal life in many species (Butler et al.
2006; Gontier et al. 2005; Jiang et al. 2011; Koti et al. 2010; Pascual et al. 1993), and have
been proposed to be due to a variety of factors such as genomic location and accessibility
(Souto-Carneiro et al. 2005; Yancopoulos et al. 1984; Zemlin et al. 2001), segment length
and resulting CDR3 size (Shiokawa et al. 1999), and response to environmental conditions
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(Butler et al. 2000). However, the equine fetus uses broader range of IGLV segments, with
the dominant IGLV segment present in 25% of fetal sequences but in 57% of adult horse
lambda chain sequences, suggesting that none of the above mechanisms regulate Ig variable
gene segment use in the horse. There were also a greater number of different IGLV-IGLJ
combinations observed in the fetus (16 liver, 18 bone marrow) than the adult (14).
Decreased restriction during fetal life also occurs in sheep, in which there is no bias for
IGHJ selection in fetal or neonatal stages but IGHJ1 is most frequently used in the adult
(Gontier et al. 2005). In contrast, humans (Lee et al. 2000) and swine (Butler et al. 2013;
Wertz et al. 2013) have restricted IGLV utilization in their pre-immune g repertoires. It
remains unknown what governs the shift to a predominance of IGLV8-128 and IGLJ7 in the
adult horse. The same biases have been observed in horses of different breeds and
geographic location (Hara et al. 2012; Sun et al. 2010; Tallmadge et al. 2014). In the fetus,
the bias for IGLV4-66 and IGLJ5 may reflect the predominance of B1-like cells in this life
stage, as B1 cells in other species preferentially use different V(D)J segments than B2 cells
(Berland and Wortis 2002). IGLJ5, IGLJ6, and IGLJ7 have identical nucleotide sequences
and can only be distinguished by the associated IGLC segment (Sun et al. 2010); therefore,
the bias of IGLJ7 by the adult horse observed in this study is likely biologically insignificant
from that of IGLJ5 in the fetus. The diversity of the pre-immune antibody repertoire in the
primary lymphoid tissues of the equine fetus was assessed by analyzing 30-33 unique and
productive immunoglobulin sequences donated by 3 different fetuses and adults (except for
fetal liver, where IGL n=22 as discussed previously). Albeit relatively limited, the sequences
were sufficient to demonstrate g combinatorial diversity in B cells produced during the fetal
developmental period. The use of 3 different fetuses of distinct breeding parents accounts
for individual variations; however, expansion of data with sequencing and bioinformatic
technologies are being pursued to confirm and reveal further similarities and differences in
the equine fetal and adult antibody repertoire.

CDR3 length influences the folding pattern, shape, and positioning of key amino acids in the
CDR3 loop and, consequently, antigen specificity of the antibody (Barrios et al. 2004;
Miqueu et al. 2007). The length of the CDR3 region is the result of both combinatorial and
junctional diversity. The lengths of the V(D)J segments, bases removed from these segments
by exonucleases, and N- and P-nucleotides added at the junction all contribute to CDR3
length (Desiderio et al. 1984; Lafaille et al. 1989; Sanz 1991). By 100DG, there were
significantly less N-nucleotides at the IGHV-IGHD, IGHD-IGHJ, and IGLV-IGLJ
junctions. P-nucleotides could not be confidently identified, as there were few full-length
exons annotated; however, it was suspected that 17% fetal and 6% adult horse heavy chain
sequences contained P-nucleotides (Supplemental Table 2). Despite the difference in N-
nucleotide additions, equine fetal liver CDR3 lengths are similar to that of the adult horse as
previously shown in secondary lymphoid tissue (Tallmadge et al. 2013). The length of the
genomic V(D)J segments used could not fully explain this discrepancy; alternatively, the
similar CDR3 lengths could be due to greater exonuclease activity in the adult horse or a
greater number of mutations preventing the annotation of the actual 5’ and 3’ ends of the
segments. Swine also have similar CDR3H lengths in fetal and adult life with early
expression of TdT, and the longer IGHD segments used in fetal life are trimmed to a greater
extent by exonucleases (Butler et al. 2000; Sinkora et al. 2002). In contrast to horses
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(Tallmadge et al. 2013; Tallmadge et al. 2014) and pigs (Butler et al. 2000), CDR3H lengths
in humans (Delassus et al. 1998; Shiokawa et al. 1999) and mice (Bangs et al. 1991)
increase with development. Longer CDR3s increase the potential nucleotide diversity, and
restricting this length is hypothesized to be one of the mechanisms controlling the range of
antigen binding sites during ontogeny (Shiokawa et al. 1999; Zemlin et al. 2001).

Pairwise nucleotide identity was higher in fetal life for the heavy chain, while no difference
was observed at the lambda light chain locus, likely due to the wider variety of IGLV
segments belonging to different subfamilies, composing the majority (~350bp) of the
variable region (~400bp). Heavy and lambda light chain sequences expressed in fetal tissues
have a higher percentage of identical nucleotides with the reference genome sequence than
adult sequences; this difference is expected, as adult Ig molecules undergo somatic
hypermutation and affinity maturation in response to antigenic stimulation in the periphery.
Fetal tissues contain essentially naive B cells, while those of the adult are colonized by
newly generated naive B cells in addition to antigenic experienced plasma cells (Nagasawa
2006).

Though at a lesser degree than that in the adult horse, fetal sequences did contain a small
number of mutations identified by comparing the expressed sequences to that of the
reference genome. Different allotypes have been described at the equine lambda locus, and
nucleotide differences identified herein from the reference genomic sequence could be the
result of allelic variation, sequence variation between different gene segments, and
mutations (Hara et al. 2012; Sun et al. 2010; Tallmadge et al. 2014). Expressed IGL
sequences in the fetus and the reference genomic sequences differed in nucleotide identity
by as much as 9% (Supplemental Table 3); this difference is greater than the 4% of
nucleotide differences between some IGL gene alleles observed (Hara et al. 2012;
Tallmadge et al. 2014), likely reflecting sequence variation between IGL gene segments and
mutations. Cattle fetus immunoglobulin genes also present mutations and undergo a small
degree of somatic hypermutation in the absence of external antigen (Koti et al. 2010).
Somatic hypermutation greatly contribute to antibody diversity, as HC1*/0 IgH™~ 1™/~
mice express only one IGHV gene, and can respond to a number of different antigens with
high affinity using junctional diversity and somatic hypermutation alone (Xu and Davis
2000). Therefore, even the minimal mutations in the V(D)J sequences generated in the
presumed sterile environment of the womb may significantly contribute to the diversity of
the equine Ig repertoire during fetal life.

Our study suggests that the B cells produced in the liver and bone marrow of the equine
fetus generate a wide repertoire of pre-immune Igs for protection The B cells that develop in
the primary lymphoid tissues during gestation have already elements of combinatorial,
junctional, and sequence diversity in the Ig repertoire observed in the adult horse, with
similar heavy chain VDJ segments and CDR3 lengths. By 100DG, we observed minor
combinatorial diversity differences between the fetal liver and fetal bone marrow tissues,
which suggests common regulatory mechanisms occurring at the two hematopoietic sites at
this stage of development. A smaller degree of sequence diversity was also detected in the
fetal primary lymphoid tissues, presumably reflecting the assumed sterile environment of the
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womb. The use of a greater number of different lambda variable gene segments in fetal life
may provide the neonate an opportunity to respond to a wider range of antigens at birth.
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Fig. 1. Expression of hematopoietic genesin the equine fetal liver

RNA was isolated from equine fetal liver and bone marrow collected at 100 days of

Page 21

gestation, and from adult horse bone marrow for expression analysis of the early genes in
hematopoiesis using RT-PCR. FL1 = fetal liver 1, FL2 = fetal liver 2, FL3 = fetal liver 3,
FLL = fetal liver leukocytes, FBM = fetal bone marrow, ABM = adult horse bone marrow,

NTC = no template control.
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CD2

Fig. 2. Leukocyte distribution in the equine fetal liver
Whole fresh-frozen equine fetal liver was stained with monoclonal antibodies against equine

leukocyte markers, and representative images were selected from fetuses #2 and #3. The
figures on the right of each panel show positive cells at higher magnification of the
corresponding image on the left. Scale bars measure 50um on the left column, and 10um on
the right column for each panel.
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Cell Type Fetus1 Fetus2 Fetus3
Erythrocytes 86% 79.5% 85%
Lymphocytes 9% 9% 8%
Neutrophils 1% 4.5% 3%
Monocytes 4% 6.8% 4%

Fig. 3. Leukocyte differential cell count in the equinefetal liver
(a) Cytospin slides of isolated equine fetal liver leukocytes were made and stained with

Wright’s stain. A sample image of fetus #3 is shown. Most of the nucleated cells were
erythroid progenitors, with fewer differentiating monocytes (arrows), neutrophils (N) and
lymphocytes (arrowhead). The scale bar measures 10um. (b) Differential cell counts from
each fetus sample show that the majority of cells were erythrocytes, followed by
lymphocytes, monocytes, and neutrophils.
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Fig. 4. Variability in immunoglobulin amino acid sequence in equine fetusand adult horse

primary lymphoid tissues
Heavy and light chain Ig variable region nucleotide sequences,

and their respective

translated amino acid sequences were obtained from equine fetal (liver and bone marrow)
and adult horse (bone marrow) whole tissues. Amino acid variability at each residue of the
Ig variable region was calculated as describe by Wu and Kabat (1970) for (a) fetal liver
heavy chain, (b) fetal bone marrow heavy chain, (c) adult horse bone marrow heavy chain,
(d) fetal liver lambda light chain, (e) fetal bone marrow lambda light chain, and (f) adult
horse bone marrow lambda light chain. The three CDR regions are underlined bellow the X-

axis.
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Fig. 5. Immunoglobulin lambda light chain segment usage in equine fetal and adult horse
primary lymphoid tissues

(@) IGLV and (b) IGLJ gene segments were studied in the fetal liver (light gray), fetal bone
marrow (dark gray), and adult horse bone marrow (black). The quantity of unique sequences
utilizing each gene segment is shown. Significant differences (p-values < 0.0001**) between
the two most common IGLV segments (IGLV4-66, IGLV8-128) were observed with the
Fisher’s Exact Test between fetal liver and adult horse bone marrow, fetal bone marrow and
adult horse bone marrow, and all fetal and adult horse bone marrow; fetal liver and fetal
bone marrow were not significantly different (p-value = 1.0). Significant differences (p-
values < 0.01*) were also observed for the two most common IGLJ (IGLJ5, IGLJ7)
segments between fetal liver and adult horse bone marrow, fetal bone marrow and adult
horse bone marrow, and all fetal and adult horse bone marrow; fetal liver and fetal bone
marrow gene segment usages were not significantly different (p-value = 0.7).
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F_ig. 6. CDR3 lengths of equine fetal and adult horse immunoglobulinsin primary lymphoid
tissues

Distribution of CDR3 amino acid lengths for the (a) heavy chain and (b) lambda light chain
in the fetal liver (light gray), fetal bone marrow (dark gray), and adult horse bone marrow
(black). No statistical differences were measured between the median CDR3 nucleotide
lengths for fetal liver, fetal bone marrow, and adult horse bone marrow, all fetal and adult
horse, or any two way comparisons for the Ig heavy (p-values >0.3) or lambda light (p-
values >0.7) chains.
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Table 1

Surface molecule expression of equine fetal liver isolated leukocytes

Per cent Positive Cells Measured with Flow Cytometry

Markers  Fetusl Fetus2 Fetus3 Cellsthat express marker

CD2 1.9 2.1 2.0 T cells, subset of B cells

CD3 0.8 0.9 13 T cells

CD4 19 14 2.7 T cells, subset of macrophages or dendritic cells
CD5 35 15 2.4 T cells, subset of B cells

CD8 41 1.0 3.0 T cells, subset of macrophages or dendritic cells
CD19-like 1.0 0.4 1.6 B cells

IgM 0.9 0.5 1.4 B cells

CD11b 2.6 NM 3.2 monocytes, macrophages, neutrophils, subset of B cells
CD172A 15.5 11.8 14.4 macrophages, neutrophils

CD34 2.3 NM 1.4 hematopoietic stem cells

MHCI 29.8 245 247 mature nucleated cells

MHCII 20.8 13.7 23.8 monocytes, macrophages, dendritic cells, B cells

‘NM’ indicates that the surface expression of the marker was not measured
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